Transformation-induced plasticity (TRIP) steels have excellent strain hardening exponents and resistibility against tensile necking using the strain-induced martensite formation that occurs as a result of the plastic deformation and strain on the retained austenite phase. Detailed studies on the microstructures and local mechanical properties, as well as global mechanical properties, are necessary in order to thoroughly understand the properties of TRIP steels with multiple phases of ferrite, bainite, retained austenite, and martensite. However, methods for investigating the local properties of the various phases of the TRIP steel are limited due to the very complicated and fine microstructures present in TRIP steel. In this study, the experimental and numerical methods, i.e., the experimental nanoindenting results and the theoretical finite element analyses, were combined in order to extract the local stress-strain curves of each phase. The local stressstrain curves were in good agreement with the values presented in the literature. In particular, the global plastic stress-strain behavior of the TRIP steel was predicted using the multiple phase unit cell finite element analysis, and this demonstrated the validity of the obtained properties of each local phase. The method of extracting the local stress-strain curves from the nanoindenting curves and predicting the global stress-strain behavior assists in clarifying the smart design of multi-phase steels.
I. INTRODUCTION
IN recent years, the demand for steels with simultaneous high strength, large elongation, and good formability has steadily increased. Transformation-induced plasticity (TRIP) or deformation-induced martensite transformation (DIMT) steels are high-strength steels with microstructures that consist of multiple phases of ferrite, bainite, retained austenite, and martensite. [1, 2] At room temperature, 5 to 20 pct of the austenite is retained in the ferritic-bainitic matrix of TRIP steel using several alloying materials including Ni and Mn, [3] [4] [5] which support the generation of the austenite and controlled cooling after intercritical annealing. Because austenitic phases are metastable at room temperature, metastable austenite can be transformed into stable martensite during plastic deformation. This deformation-induced martensite transformation, which is called TRIP or DIMT phenomenon, induces excellent strain hardening exponent, good elongation, and good formability. [6] Generally, smaller grain sizes and more homogeneous distribution of the various phases create better strain hardening properties. [6] Due to the highly complicated and fine (less than a few lm) microstructures of the TRIP steel, it is necessary to understand the behaviors of each phase in order to understand the properties of the whole material. However, from a mechanical point of view, it is difficult to measure the mechanical properties of the individual phases because the size of each phase of the TRIP steel is very small. For example, the sizes of retained austenite ranged from 0.4 to 4.0 lm and their mean size was approximately 1.4 lm. [7] Nanoindentation is a type of instrumented indentation hardness test with a high accuracy that can be applied to very small regions; hence, it is useful for obtaining various mechanical properties of small areas (typically<1 lm). Since Oliver and Pharr introduced the method of calculating the hardness and elastic modulus from the results of instrumented nanoindentation tests, [8] nanoindentation has been used widely to measure the mechanical properties of small-sized specimens [9] and material microstructures. [10] [11] [12] [13] However, reliable output data from nanoindentation tests are very limited, i.e., the hardness and elastic modulus are reliably obtained through analyzing the indenting load-displacement (P-h) curves. Despite its limitations, nanoindentation is one of the few methods that can operate easily on submicrometer specimens [14] ; therefore, much research that expands the application of nanoindentation to other properties, such as stressstrain curves, residual stress, creep, and wear, is being undertaken. [15] [16] [17] [18] There has been a particular interest in obtaining stress-strain curves from the P-h curve of local regions, because the real stress-strain curve (not the 'representative stress-strain curve' [19] ) is an intrinsic property of a material, and numerous mechanical behaviors of materials can be rationalized using these real stress-strain curves.
The representative stress-strain curve or indentation stress-strain curve is the relationship between representative stress r r and the representative strain e r proposed by Tabor [19] and frequently used [20] [21] [22] in the nanoindentation community. Although representative stressrepresentative strain plots can reveal similar information about the elastic plastic behavior of materials to tensile stress-strain curves, they are different qualitatively as well as quantitatively. Therefore, the representative or indentation stress-strain curve is not comparable to the uniaxial stress-strain curve, and cannot be used for the basic data of numerical simulations.
In this study, a method of extracting the stress-strain curves from the nanoindentation results combined with numerical methods and finite element analyses was used to obtain the local stress-strain curves of the four phases in TRIP steel. The extracted stress-strain results of the local phases were verified through comparisons of the global stress-strain behavior simulated using the finite element method (FEM) with that from the tensile tests of the TRIP steel.
II. EXPERIMENTAL PROCEDURES

A. SEM in situ Nanoindentation
The TRIP steel (POSCO, Korea) selected in this investigation was machined into a rectangular-shaped specimen for nanoindentation. In order to identify each phase of the TRIP steel, color tint etching was performed for the optical microscopy (OM) and field emission scanning electron microscopy (FE-SEM) observations.
Because classifying the complicated microstructures of the TRIP steel, identifying each phase, and operating nanoindentation on exact positions are not possible using the conventional nanoindentation systems with OM of a relatively low resolution, an FE-SEM (JSM-7401F, JEOL, Japan) in situ nanoindentation system (Hysitron PI-85, USA) was built, as seen in Figure 1 . The nanoindentation was performed with a cubic tip, and the indenting points were located on the ferrite, bainite, retained austenite, and martensite phases of the TRIP steel. The nanoindenting load was controlled to have a maximum force of 1000 lN, and the holding time at the maximum load point was set to 30 seconds. All nanoindentation tests were performed at room temperature.
B. Extracting the Stress-Strain Curves
The stress-strain curves were extracted from the P-h curves of the nanoindentation tests using a combined experimental and numerical method, i.e., a combination of the experimental nanoindenting results and theoretical finite element analysis. [23] The proposed incremental recursion scheme in this paper for extracting the stressstrain curves is as follows. First, an initial guess in the stress-strain curve is made for the initial input of the FEM material property in the plastic strain range of 0 pct to a small value of plastic strain X pct. Next, FEM simulations of the nanoindentation are performed until the maximum effective strain of the specimen reaches X pct, and the indenting depth at this step is H nm. The P-h curves in the depth range of 0 to H nm of the experimental and simulated results are compared in order to determine the correct stress value at a plastic strain of X pct. If the simulated load values differ to the experimental values, the material properties for the FEM are modified, and the nanoindentation simulation and comparison of the simulated results with the experimental results are repeated until the simulated results agree with the experimental results. The effective stress value at an effective strain of X pct is extracted through repeated comparisons, and the stress values at the next incremental strains can be obtained using the same approach until the entire load-displacement curve is reproduced. In order to be independent of the used constitutive law, multiple point stress-strain data were input for FEM simulations. Therefore, the extracted stress-strain curve is also represented as a form of multiple stress-strain data. Figure 2 presents a flow chart of this incremental recursion algorithm.
A commercial elasto-plastic finite element analysis code ABAQUS ver. 6.9 [24] was selected to simulate the nanoindentation process. Because the contact area function of a cubic diamond indenter tip was approximated using the area function of a conical tip with the same displacement-area relationship, the three-dimensional cubic indenter was approximated to a twodimensional axisymmetric conical indenter with a tip angle of 42.28 deg. [25] [26] [27] Due to the extremely high elastic modulus of the diamond indenter tip, the deformation of the indenter tip during the nanoindentation was much smaller than that of the TRIP steel specimen; therefore, the indenter tip was approximated to a rigid body. The nanoindentation specimen was meshed using 8000 CAX4R elements. The meshes beneath the indenter tip were refined in order to improve the accuracy of the initial local deformation analysis. Frictionless tangential behavior was prescribed in the definition of contact interaction between the indenting tip and the specimen. Static implicit scheme finite element analyses were undertaken.
Although nanoindentation results must be orientation dependent [28] because the nanoindentation loading is applied to a single grain, considering this texture effect is complicated, and the focus of this paper is to develop a method of extracting stress-strain curves from the nanoindentation, which is still a complicated and necessary problem. Hence, we ignored the texture effect, i.e., anisotropic yielding and hardening, and isotropic material properties were assumed.
C. Tensile Test
Based on the extracted mechanical properties (stressstrain curves) and volume fractions of each phase, the global flow stress curve of the TRIP steel with the multiple phases was predicted using the FEM based on the random distribution model of each phase and compared with the result of the experimental tensile test.
In order to measure the volume fractions of each phase, OM observations of the color tint etched sample and X-ray diffraction (XRD) measurement were undertaken. Figure 3 presents that the ferrite is a dominant continuous phase. The other three phases are isolated. As a result of the different colors of the ferrite and 6010-VOLUME 45A, DECEMBER 2014bainite phases, the volume fractions of these two phases can be measured. However, a different method must be used to measure the volume fractions of the retained austenite and martensite phases because these two phases exhibit the same white color after etching. Therefore, the XRD measurement was performed in order to measure the volume fraction of the retained austenite, and the volume fraction of the martensite was obtained by subtracting the volume fraction of the retained austenite from the volume fraction of the whitecolored phases.
Although the rule of mixtures is usually applied to predict the mechanical properties of materials with composite structures, [29, 30] it is not always suitable in determining the mechanical properties of materials with complex microstructures, because the interactions between the complex microstructures or nonuniform internal stress distributions are not considered. Thus, as an alternative to the rule of mixtures, it is assumed in a unit cell model that a material comprised repeated patterns named ''representative cells.'' Therefore, the properties of the global material can be obtained by calculating the properties of the representative unit cell. A reliable result could be obtained using a unit cell model with a rational and well-founded cell structure. [31, 32] In this study, the unit cell was modeled using a mixture of the ferrite matrix and the randomly distributed bainite, retained austenite, and martensite particles. The volume fractions of the matrix and particles in the unit cell model were equal to the measured values in Table I . In order to reflect the complicated structure and to homogenize the mechanical properties of the unit cell, five unit cells with the different particle distributions (as an example, unit cell 1 is shown in Figure 4) were simulated, and the mean value of the five simulations was selected as the representative unit cell property. The unit cell is a periodic cube containing randomly distributed bainite, retained austenite, and martensite particles in the ferrite matrix. The particles were generated and positioned in the matrix, which fulfills the following three conditions: (i) The distance between particle i and adjacent particle j has to be larger than a minimum distance, s 1 . (ii) The distance value between the surface of each particle and the matrix should be longer than a minimum distance value, s 2 . (iii) If the surface of particle i is cut by the unit cell surfaces, a new particle is generated near the opposite surface to fulfill the periodic boundary condition. All the constants were determined based on the microstructure measurement: m = 10 lm, r Bainite = 2.1 lm, r Retained Austenite = 2.9 lm, r Martensite = 1.7 lm, and s 1 = s 2 = 0.05.
The volume fractions of each phase in the five unit cell FEM models presented in Table II indicate that there are only a few percentages of volumetric errors in the five FEM models. Although the exact number of elements of each unit cell differs according to the different particle distributions, the number of elements was approximately 20,000. Static implicit three-dimensional finite element analyses were undertaken. For the unit cell FEM simulation, crystal orientation was ignored.
It should be noted that the structure of the representative volume (Figure 4) is not exactly the same as the real microstructure (Figure 3) . However, the real microstructure and the representative volume structure are not totally different in that both structures have continuous ferrite matrix and bainite, retained austenite, and martensite islands. Actually, it is not possible to construct a 3-dimensional microstructure model from a 2-dimensional sectional microstructure image, although some researchers perform 2-dimensional modeling by assuming plane conditions (such as, plane strain or plane stress of very thick or thin samples, respectively). We also know that our 3-dimensional approach is more accurate than the 2-dimensional approximations. Hence, in this study, we tried the present 3-dimensional representative volume approach even though it has some limitations, such as isotropic and ignoring complex shape effects. More accurate and realistic representative model based on the 3-dimensional serial sectioning tomography will be employed in the near future.
III. RESULTS AND DISCUSSION
A. SEM in situ Nanoindentation
The blue-colored phases in Figure 3 are ferrite (F), the brown-colored phases are bainite (B), and the whitecolored phases are retained austenite (RA) and martensite (M). The measured volume fractions are presented in Table I . Figure 5 shows the nanoindentation P-h curves of the four phases of the TRIP steel. Because the experiments were performed using a load control option, all the P-h curves have the same maximum load (1,000 lN) . The relative strengths of the phases can be examined through the difference in the maximum displacements. The ferrite phase that exhibited the largest indenting depth (displacement) represents the softest phase in the TRIP steel, and the bainite phase is softer than the retained austenite phase and harder than the ferrite phase. The martensite phase has the hardest mechanical properties.
While the ferrite, bainite, and martensite phases exhibited continuous P-h curves, the P-h curve of the retained austenite phase exhibited a discontinuous and stepwise shape, which is called the ''pop-in'' phenomenon, [33, 34] Primary sources of the pop-in phenomenon are nucleation of dislocations and the phase transformation during nanoindentation. In order to confirm the phase transformation during the nanoindentation, a cross-section transmission electron microscopy (TEM) was used in the indented austenite phase. The crosssection TEM image in Figure 6 shows the plastic deformed region of the retained austenite phase beneath the indenter tip. The martensite phase that was transformed from the retained austenite phase beneath the indenter tip is attributed to the TRIP/DIMT phenomenon because the martensite phase coincides with the plastic deformation zone shape.
B. Extracted Stress-Strain Curve
The stress-strain curves extracted from the nanoindentation results of the four phases of the TRIP steel using the method described above are shown in Figure 7 . As expected from the P-h curves in Figure 5 , the strengths from highest to lowest are martensite, retained austenite, bainite, and ferrite. The yield strength of the ferrite was 200 to 500 MPa, [35] [36] [37] [38] and the yield strength obtained from the nanoindentation was 425 MPa. The yield strength range of the bainite phase was 440 to 1000 MPa, [39, 40] and the extracted value was 635 MPa. The extracted yield strength of the martensite phase was 1710 MPa, and the strength range from the literature was 1000 to 2400 MPa. [39, 40] The simulated load-depth curves with the identified stress-strain behavior were added in Figure 5 in addition to the experimental curves. The simulated and experimental load-depth curves are in good agreement, verifying the accuracy of the current method and results. It should be noted that because various material conditions, including the chemical composition, grain size, and shape of phases, affect the yield strength of the steel, it is difficult to determine the accuracy of the yield strength of a specific phase without artifact effects related to the nanoindentation. Considering the uncertainties in the materials and measuring conditions, the extracted yield stress values are satisfactory.
The flow stress values of the ferrite, bainite, retained austenite, and martensite phases are in the ranges of 425 to 620, 635 to 790, 760 to 970, and 1710 to 2000 MPa, respectively. These flow stress values are within the general value ranges of 200 to 800, [35] [36] [37] [38] 440 to 1400, [39, 40] 600 to 1270, [41] and 1000 to 2000 [39, 40] MPa for the ferrite, bainite, retained austenite, and martensite phases, respectively. Even if the results were not plotted, the simulated P-h curves of the nanoindentations using the FEM with the stress-strain curves in Figure 7 fit well with the experimental curves in Figure 5 . Hence, the extracted stress-strain curves can be considered representatives of the real local flow behavior. It should also be noted that the simulated results of the retained austenite phase did not reproduce the pop-in response, since the main source of the pop-in effect, i.e., TRIP/ DIMT phenomenon itself, was not considered in this research. Due to the austenite-martensite phase transformation, it is not possible to determine the properties of the pure austenite phase via nanoindentation. The obtained stress-strain curve in the retained austenite contains the composite effect of the retained austenite and martensite with varying volume fractions (i.e., increasing martensite volume fraction with deformation).
C. Verification Using Tensile Tests
In addition to the FEM simulations for the local nanoindentation behavior, the global stress-strain behavior of the TRIP steel composed of four phases was simulated using the FEM observations of the unit cell models shown in Figure 4 with the flow curves of the four phases (Figure 7 ) extracted using the present method. The purposes of the overall sample FEM were twofold to assess the validity of the stress-strain curves of the four phases and to attempt the smart design of multi-phase steels by predicting the global stress-strain responses.
The distributions of the equivalent plastic strain in various phases after 20 pct tension of the TRIP steel are presented in Figure 8 . Plastic deformations are not homogeneous in each phase, while the general trend is that martensite is least deformed (equivalent plastic strain <3 pct) and ferrite is most deformed (3 pct < equivalent plastic strain < 102 pct).
The stress-strain curves that were predicted by the unit cell analyses of various phase distributions (cells 1 to 5) for the overall TRIP steel, the average stress-strain curve of the five unit cell analyses and those obtained by the experimental tensile test are compared in Figure 9 . The unit cell analysis results using the FEM exhibit good agreement with the experimental results, considering the experimental errors. Although the stress values on the low-strain region are smaller and those on the high strain region are slightly higher than the experimental tensile test results, the maximum error was less than 9 pct. Because the unit cell analysis and tensile test results agree well, it can be concluded that the extracted stress-strain curves from the nanoindentation test are reliable. The present methods of extracting stress-strain curves of local phases and predicting the overall stressstrain curve of various morphologies shed lights on the smart design of multi-phase materials.
Of course, these methods are not perfect and need more improvements and developments for reliable and robust solutions and applications. For example, microstructural features, such as crystal orientation, grain size, and multi-phases, need to be systematically investigated and considered. In particular, phenomenological constitutive models based on deformation mechanisms and three-dimensional microstructures are crucially important and underway.
IV. CONCLUSIONS
In this study, SEM in situ nanoindentation was performed on the four-phase TRIP steel, and the stress-stain curves of each phase were extracted through combining the experimental nanoindenting results and the theoretical finite element analysis. The FEM-simulated results with the extracted material input data are in reasonable agreement with the experimental results. In order to verify the reliability of the extracted properties, the unit cell model based on the extracted properties and the volume fraction of each phase was used in the FEM analysis. The predicted stress-strain curve and experimental results exhibited good agreement; therefore, the method of extracting the mechanical properties from the nanoindentation using the FEM analysis can be applied in order to obtain the stress-strain curves of the microstructures of TRIP steel. The method of extracting the local stress-strain curves from the nanoindenting curves and predicting the overall stress-strain behavior clarifies the smart design of multi-phase steels. 
